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Detailed measurements have been made of the structures of turbulent fuel 
sprays vaporizing in heated air streams. The measurements show the size 
dependent vaporization and dispersion of the droplets and the important 
influence of the large eddies in the turbulence. The measurements form a 
data base for the development of models of fuel spray vaporization. Two 
laser techniques were specially developed for the investigation. A laser 
tomography technique converts line-of-sight light scattering measurements 
into time averaged 'point' measurements of droplet size distribution wd 
volume concentration* A laser anemcmeter particle sizing technique has 
been further developed to permit accurate measurements of Individual 
particle sizes and velocities, with backscatter collection of light. 

The experiments are combined with heat transfer models to auialyse the 

performances of miniature thermocouples in liquid sprays. 
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StMMMty 


NMflureBients haw bean made of turisulmt fuel sprays vaporizing in heated 
airstreaiM. Two new, laser-based, diagnostic techniques haw been dewloped 
for making these measurements. A laser tomograi^ technique conwrts the 
measured scattered light frcm a laser beam scanning different par1:s of a 
si^ay, to provide point measuroents of dar^let* size distribution and voltme 
Mncentratlcm. The technique is analogous to that used by X-ray brain scanners 
to deriw two-dlmensicaial infomation on internal structure from line-integral 
veastiremnts. Cooqiarlstm with narrow depth of field spark ^otcmlcrography 
shows the accuracy of the tamograj^y technique and the technique is shown to 
provite a rapid means of characterising internal spray structure. Developments 
of a Laser Doppler Ananometer particle sizing technique have been made. 

This enables the simultaneous measurement of particle sizes and wlocities. 
Tailoring of the laser light intensity distribution in the measuronent volume, 
and an advanced Hie theory light scattering counter programme . for large particles, 
permit accurate measuranents using backscatter light collection. These 
techniques are co^d)ined with miniature thermocouples and photogra^diy to make 
detailed neasuresients of vaporizing kerosene spray structure as a function of 
the tesperature of the surrounding air flow. These measuranents show the 
preferential vaporizatimi of the smaller droplets {leaving a residw of larger 
droplets), size-dependent dispersion of droplets by the turbulence and the 
ii^rtant Influence of the c<Aerent large ed^es in the turbulence. The experi- 
ments are designed with carefully controlled and measured initial euid boxmdary 
conditions and they thus form a data base for developing computer models of 
spray vaporization. The experiments reveal useful Information on the perfor- 
mances of miniature thermocouples in liquid sprays. Beat transfer models 
are used, with the experimental data, to elucidate the effect of spray density 
on the recorded toiperature and response characteristics of a themocouple. 


IHTRODOCTIOM 

This investigation has the objective of deriving fundeunental data on the 
vaporization of liquid fuel sprays Injected into heated air streams. The Investiga- 
ti<m is relevant to the development of lean premixed/prevaporlzed combustors wd 
it was thus linked with the NASA Lewis ' Stratospheric Cruise Emission Reduction 
Progranme' (SCERP) . In addition the data derived from these experiments are 
directly relevant to many other practical combustion and non-combustion systons 
which utilize liquid sprays. The experiments are designed to give axlsymmetrlc 
sprays with controlled and known initial and boundary conditions. In this way 
they act eis a data base for the development and testing of computer models 
for the prediction of spray ballistics and vaporization in a turbulent high 
tezperature environment. An Integral part of this investigation has been the 
development and refinement of diagnostic techniques for the rapid, accurate and 
high resolution measurement of internal spray stjructure. The measurements 
completed included local droplet sizes cuid velocities and the local gas velocity 
and temperature in various sprays. The emphasis of the investigation is on high 
temporal and spatial resolution measurements of the Internal spray stnicture, as 
it vaporizes in a hot turbulent environment, rather than on global measurement of 
total vaporization as a function of initial conditions. Most of the results of 
this two year programme have been given in various reports, papers and conference 


j^sttntatlona. Thus an outlina of tha rasults of tha Invaatigation and an 
ovarall viaw of tha projact la glwi balow at^ rafaranca should ba nada to 
tha ralavant publications for datallad infomatlon. 

Outlinas ara first givan of aork acconqplishad In the davelopmant of new 
naasu ranant tachnlqiMa, and in tha raflnanant of existing tadmiguas, to permit 
aaasuramants In vaporising q^rays. The main ^Aray axpariaent is then described. 
l!ha results of tha eiqparlmant ara discussed and tha future extension of this 
work is also (nitllned. 


MEASHKBiBiiT TKaMIQOES FOR VAPORIZIIKS FOEL SPRAYS 

Ideally, it is required to make 'point* measurements, within turbulent, 
polydlsperse fuel sprays in heated gas streams, of the following quantities: 
gas veloci^ (mean and fluctuating); droplet velocity; droplet diameter; 
gas ta^rature (mean and fluctuating); local vaporisation rate; droplet 
teqperature; droplet concentration and volvsie flux. 

Nsasurosttit of the droplet characteristics (apeurt from toiperature) 
have frequently been made in the past by using imaging techniques such as 
photograj^ and holography. However these techniques are extrosely time con- 
suming and this precli^es the detailed mapping of various sprays, %dilch is 
required for this study. Ihus rapid laser light scattering techniques have 
been developed and utilized In this lnvestlgatl<», for the measurement of 
liquid-phase characteristics, nie miniature fine wire thermocouple remains 
the mMt reliable technique for measuring mean and fluctuating temperatures 
in gas flows. The thermocouple has pairticular pr^lems in two-phase flows, end 
these liave been analysed as part of this project. 

Laser Tomogra^y 

Particle size distributions have been determined using a new development 
of the Malvern Instnmients ST1800 Particle Size Meter. A parallel He/Ne laser 
beam is passed through the spray and the forward scattered light is collected 
by a Fourier transform lens. The radial light power distribution is measured 
using a £hotodetector consisting of 30 concentric annulli placed in the focal 
plane of the lens, aund the particle size distribution is calculated from this 
l>y using Fraunhofer diffraction theory. Total paorticle concentration is deter- 
mined 1^ measuring the total forward scattered light power. 

This instrtiment rapidly gives am 'overall* size distribution for a 
complete width of the spray. The line-integral nature of the particle size 
distribution does not give amy information on the drop size distribution at 
any point within the spray. However, if a nisnber of line integral measurements 
are made through different parts of the spray, the scattered light data cam 
be tramsformed into two-dimensional distributions of drop size distribution amd 
concentration in a plame through the spray. This data transformation is 
termed 'tomography* amd has been applied to several systems in recent years, 
paurticulaurly for medical X-ray brain amd body scamners. For the case of am 
axisynmetrlc system, such as the sprays studied here, the transformation is 
greatly simplified; only one set of pairallel scams through the spray being 
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r«qulr«d (this is analogous to tha Abal transfoxBatlon uaad In flame spectro- 
•oomr •tudiaa). Full details of tk« procedure are given in a recent paper. 1- 
the results of the investigatl<ms in vaporising fuel sprays using this 
technigue are described in References 2, 3 and 4. 

Heasurenents using this technique have been compared with sise distribu- 
tions Boasured at the seas positions^ in the sdme qpraySf tqr thh computer 
analysis of spark photographs, flie afremaent is excellent. The laser tono- 
graphlc technique has be«i shown to give rapid and accurate measurements of 
the local sise distributions and voluae concentrations of droplets in sprays 
ai^ it is thus ideal for the present {urposes. Work has also been in progress 
examining the extension of this teclmique to spray flames and to dense sprays. 
Sudli extensions are found to be theoretically possible, but further development 
work is required. 

Light Scattering Theory and Laser Doppler Anemometry (UDiA) 

Prior to this investigation the authors had demonstrated the feasibility 
of measuring both the sixes and velocities of droplets as they traversed the 
measurement volvnse of an LDA system. It was shown that this could be achieved 
by a pulse height analysis of the signal pedestals. During the course of the 
present Investigatimi, work <»i this technique has concentrated on improving 
its 'accuracy and range of applicabili^ to permit the reliable siapplng of the 
vaporising fuel sprays. Two significant improvements t>Jive been developed: 

(1) the extensicm of the technique to backscatter collection of light; 

(2) tailoring the light distribution in the measurement volxme to improve 
accuracy and reduce data analysis time. 

To prove the validity of using backscatter light collection to measure 
particle sizes, it was necessary to improve the existing light scattering 
analysis. Ihis analysis was used to predict the dependency of the IDA signal 
peaks on the paurticle sizes. Working with a group at Rouen University (France) 

Nie theory computations were extended to particle diameters larger than 100 ym.^ 
For forward scattering there was found to be reasonable agreement witii the 
predictions of the geometric optics theory, which has been used previously 
by the authors for the pr.: diction of LDA signals. However the geometric 
optics analysis could not be used reliably for the prediction of the backscattered 
light. The new Hie theory computations permit the prediction of the collected 
light in the backscatter direction and through a given collection aperture. It 
is found that monotonic signal amplitude/particle size relationships could be 
produced, thus showing that a backscatter IDA syston can be used to measure 
both the sizes and the velocities of droplets. 

An additional difficulty with the original LDA peurticle sizing technique 
was introduced by the dependency of the signals upon the trajectory of the 
particles within the measurement voltmte. This was caused by the Gaussian light 
intensity distribution across the laser bceun. This difficulty has been minimized 
by tailoring the light distribution by using a suitable combination of beam 
expanders, lenses and filters. 

Thermocouples 


The authors have developed a technique using on-line computer controlled 


■Iniatura thwcBocot^laa for moauranontSf originally * In gas f lanes. The 
ts<dinlgua has be«a sxtMded ai^ has also bean used in the j^esent spray eiqperi- 
nents. Incidental to tlM nain work# the neasureoents and aoconpanyii^ analyses 
have produced original and Interesting infomatlMi on the accuracy of ninlature 
then>ocov(ple neasuranents aid tqpMi the effects of droplet iJi^ctlon on the 
recorded taeperatures and theznoconple response.^* 7 

I 

A heat transfer analysis has be«i used to nodal the Influmce of driblet 
inaction on the tasqperature recorded hy the themocoople and also the effect 
on the respmse characteristics (awasured by an electrical square wave, over- 
heating tetdinique) . The analj^is has been checked by using tho themocouple 
neasuranwits in the sprays, aid reastniable agreanent was found. It was found 
that droplet Is^ctlon significantly changed the neasured nean temperature of 
the themocouple, so that it differed significantly fron the gas tenperature 
even in dilum sprays. ^ Howe^r, up to a Uniting concentration of droplets, 
the true nean gas tenperature can be estinated from the neasured tenperature 
l^ravided that the local volume fltix of droplets and droplet temperatures are 
known. 

It is foiind that, even in quite dense sprays, the local mean gas 
velocity can be calculated accurately from the local response characteristics 
of the thermocouple. Excellent agreanent was found between velocities derived 
from the themocouple response and those measured by U>A. 


BXPERIHEOT 


Appauratus 

During the period of development of the neasurement techniques, various 
spray rigs were utilized. The principal series of measurenents were made in 
a twin-fluid atomized kerosene spray. Ohis apparatus and atomizer are descrllaed 
in detail in Reference 2. The spray was axisymnetrlc and the surrounding 
secondary alrstream was also axisymnetrlc. Ihls secondary flow had a unlfom 
velocity distribution, at ^e atcxalzer plane, and a low turbulence level. 

The first ISO nm length of spray was investigated by traversing the spray 
relative to the fixed measuren»nt probes. The secondaury air could be preheated 
electrically up to 500 K. Typically up to at least 70 per cent of the spray, 
by volume, had vaporized within the length under investigation. 

Results auid Discussion 


The initial amd boundary conditions of the sprays were carefully neasured 
to pemit later compaurisons with computer model predictions of the flows. 

These measurements Included the Initial droplet size distributions, within a 
few mm of the atomizer under cold conditions, the initial velocity and tempera- 
ture distributions in the secondaury air flow and the velocity and temperature 
of the secondary air as a function of distance downstream. 

As described in Reference 2, measvirements of droplet sizes, velocities 
auid concentrations amd gas velocity amd temperature, were made in sprays with 


- 5 - 


dif faring sacondaxy flow tasqparaturaa. Purthannora» maasurMsanta wara mada, 
without kaxoaana, but with tha aacondazy and atoaialng air flown. Thin gava 
Inforaatlm cm tha ralatlva Influanca of tha droplata on tha atructura of tha 
tuzbulant air flow. For tha particular ^traya that hava baan atudlad It waa 
found that nonantum tranafar fron tha air to tha liquid j^aa waa ralatlvaly 
inaignlficant oonparad with tha total Initial maumatm of tha atomlnar flow. 

Ihla paznlta tha alxapll^ljag aaau^tlon that tha gaa flow flald la not graatly 
Influancad by tha praaanca of droplata* for thaaa apraya. Tha atoaauromantaZ 
dasMiatratad tha prafarantial vapor laatlcm of tha anallar droplata* laavli^ a 
raaldua of largar droplata. Liquid phaaa iaoconcantratlon contoura wara con- 
atructad for vaporlsi^ apraya with dlfforant aacondary air tai^araturaa. At 
cold tanparaturaa vaporlaaticm rate waa low and the radial concentration dlatrl- 
butlon remained Gauaaian In ahapa* with a central peak which faUaa (dlatance 
downatream)'^* idilch %iould be a3q>actad for a paaaive acalar In a aelf-preaervlng 
jet. For tha hot caaea* thia dependency waa not found and there waa aeen to 
be a vary rapid vaporlaatlon of tha amalleat droplata very near the atomizer 
followed by a more gradual vaporization of the remainder of the apray. 
Vaporlzatlm %iaa typically accompamled narrowing of the droplet alze dlatri- 
butlon and an Increaae In the mean droplet diameter. The meaaurementa alao 
indicated tha alza-dependant acceleration of dropleta to reach* aj^oximately* 
tha local gaa velocity in the firat 100 mm of spray. Tha thermocouple meaaure- 
BMmta ahowed the exlatence of aignif leant 'heat up* times for the droplets in 
the initial paurt of the spray* before they reached the equilibrium (wet bulb) 
temperatures. 

nie measurements and the flow visualizations clearly showed the impor- 
tance of size-dependent dispersion of droplets by the turbulence. In particular 
large* enei^etlc eddies could be seen to be the dominant mechanism for the 
diffusion and dispersion of dropleta in the sprays. For the partlculaur sprays 
%dtlch have been inv castigated* the larger droplets tended to be dispersed to 
the outer part of the sprays and there was typically a very dilute, almost 
monosize* layer of larger droplets at the extreme peripheries of the sprays. 

Concluding Rmnarks and Future Work 

1. Laser based measurmnent techniques have been developed wd Improved to 
provide accurate, rapid and high resolution measurements in vaporizing 
fuel sprays. 

2. Data have been derived describing the detailed structures of turbulent 
vaporizing fuel sprays, at different temperatures for the surrounding 
air stream. 

3. Ihe measurements show that prediction of turbulent, vaporizing sprays 
requires the Inclusion of models of the size-dependent dispersion of 
droplets by the turbulence. Furthermore the dependency of vaporization 

■ and ballistics on the relative droplet/gas velocity and the local droplet 
environment should be modeled. 

4. In the future extension of this project, the data will be conpared with 
the predictions of computer models, with the objective of Improving 
the accuracy of these models. 



5. ni9 new experiment* will concentrate on the droplet size dependent 

effects and on the turbulence effects, in the vaporizing sprays, ifhich 
have been shown to be Is^rtant. Aiis will Involve measuruwnts of local 
fluctuating spray quantities and cross-correlations, for example between 
local drcplet density, gas teiqperatture and velocity. 

I 
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